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Abstract 
The end-point stiffness of a robot kinematic chain represents the crucial problem in force control. Within the period of the force 
generation, regardless of the drive type, due to inherent torque feedback the oscillations of the controlled force appear. For 
technologies with the constant contact force generation, the paper presents an effective linear control structure taking the physical 
limitation of the system’s inner variables into account. A numerical model of one degree of freedom verifies the proposed control 
algorithm.
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1. Introduction 
Industrial robot systems represent a particular group of flexible automated manufacturing systems, in which the 
contact force generation belongs to the most complex and challenging tasks. The robotized technologies (machining, 
grinding, finishing etc.), based on the direct contact between the robot tool and the product, have to deal with the 
problem of unwanted features of this interaction. At the end of the reaching phase, after positioning to a workplace, 
the number of degrees of freedom of the robot arm decreases and the plant in the robot control system undergoes the 
structure modification. Historically, a list of the force control techniques begins with the conventional PID 
controllers [1, 2] and continues with more advanced adaptive control methods [3, 4, 5] and robust algorithms [6, 7]. 
Topical are the methods of sliding mode control [8, 9, 10], as well as the fuzzy control [11, 12, 13] and neural 
network approach [14, 15, 16]. The modern force control systems comprise the force-position or velocity-position 
hybrid control [17, 18, 19, 20, 21], and impedance control [22, 23, 24]. 
The force control structures are mostly dependent on both the features of the task and the environment of the 
robot. The subject of this contribution represents the specific feature of the force generation – the problem of the 
inherent oscillating torque feedback, which is the consequence of the limited stiffness of the robot arm kinematic 
chain, particularly of the last link. The provided approach to force control synthesis eliminates the negative 
influence of the torque feedback while preserving both the dynamics of the control process and the desired limits on 
the real system variables. The solution is presented in the form of a linear control structure using a frequency based 
design methods of controller parameters. Finally, the Matlab simulation verifies the implementation of this structure. 
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2. The system description and problem statement 
The force generation in the robot end-point starts at that moment when the end-effector reaches the working 
position. The rest of the kinematic chain preceding the last link joint carries on with the subsequent positioning of 
the robot arm along the desired trajectory. To simplify the synthesis of the force control system consider the axis of 
the last link joint (which is nearly always revolute) parallel to the gravitation force. This eliminates the influence of 
the gravitation force in the joint. The main role of the last link joint’s servosystem is in keeping the tool in adequate 
contact with the workpiece. Therefore, the torque proportional to the desired contact force should be generated. 
From this point of view, the equilibrium of the torques and forces at the driving motor shaft can be expressed by the 
equation 
dt
dJLD
ω
ττ =− (1) 
where ĲD and ĲL stand for the driving and the load torque respectively, J is for the moment of inertia of the 
rotating mass and Ȧ represents the angular velocity. Any signal or parameter in expression (1) is referred to the 
motor shaft. 
In the phase of the force generation, some specific features of the last link motion should be taken into account. 
The narrow position range, as well as the minimal acceleration, and particularly the low velocity imply the radical 
decrease of the viscous friction and its influence on the load torque. On the other hand, the stabilizing effect of the 
viscous friction vanishes. Hence, the dominant element of the load torque at the motor shaft corresponds with the 
reaction to the controlled force F
i
Fr
L =τ (2) 
where r is for the last link length and i stands for the gear ratio of the gearbox (for simplicity, the efficiency of the 
gearbox is considered to be 100 %). For the period of the force generation we suppose a small, reversible deflection 
of the link. Thus, the force F in the end-point is considered to be proportional to both the length r of the link and the 
angle increment ĳ in the joint 
ϕmrF = (3) 
where m stands for the mechanical quality (rigidity) of the last link. 
The block diagram of the force generator corresponding with the equations (1), (2) and (3) is in Fig. 1. 
Regardless of the drive type, we are now ready for the load torque feedback analysis. According to Fig. 1, the 
transfer function of the force generator is given by 
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Fig. 1. Block diagram of a force generator 
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Fig. 2. Log magnitude curve of a force generator 
Expression (4) represents a system without any damping. The negative influence of the load torque feedback can 
be seen in Bode magnitude diagram of the transfer function (4), see Fig. 2. The peak value of the magnitude at the 
resonant frequency Ȧr = 1/T (time constant T determines the dynamics of the oscillating torque feedback) implies 
the output force oscillation and consequently, the radical decrease of the production quality in the robotized 
technology. The main contribution of the presented force control design is the elimination of this oscillation. 
3. The structure of the force control system 
The idea is to find an available inner state variable capable of the fast reaction to the oscillation in the force 
generator. The tailored control of such a dynamic variable should eliminate the effect of the pair of imaginary poles 
in transfer function (4). From this point of view, as can be seen in Fig. 1, the angular velocity Ȧ is the only 
prospective and simply accessible variable. There is no reason to take the angular position ĳ into consideration 
because there is no dynamic coupling between it and the output force F.
The advantage of the negligible motion in the end-effector’s joint is the minimal variation of the transfer function 
(4) parameters. This implies the utilization of linear deterministic synthesis methods in force control. Based on the 
above discussion, a force control structure should contain at least one inner control loop – the velocity one. In 
engineering practice, a well established and commonly used is the structure of nested loop controllers. In this 
structure, the velocity control loop should represent the faster inner loop with respect to the outer one – the force 
control loop. This satisfies the requirement for the compensation abilities of the velocity loop. 
The source of the driving torque in the force generator shouldn’t affect the essential features of the resulting force 
control algorithm. For the simplicity, consider the harmonic drive driven by the DC motor with separate excitation 
supplied by the PWM voltage amplifier. In addition, the very inner control loop of the DC motor armature’s current 
I significantly improves the dynamics of the whole system. 
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Fig. 3. The controlled plant in a force control 
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Fig. 4. Block diagram with the nested loop controllers 
The block diagram in Fig. 3 (the coupling of the force generator with the driving torque supply) depicts the 
controlled plant in the force control system. In the figure, KA represents the voltage amplifier gain; Uc, U and Ui
stand for the amplifier input (control voltage), amplifier output (power voltage) and the induced voltage 
respectively. Te stands for the DC motor electromagnetic time constant, R is for the total resistance of the armature 
circuit and Cu is for both the voltage and the torque constant. 
In the block diagram of the force control structure in Fig. 4, let us adopt the following notation. An alphabetic 
component in the index of any low voltage signal U (on the left-hand side of the plant, i.e. on the input side of the 
voltage amplifier) indicates the corresponding controlled variable (I, Ȧ and F). The numeric part of the index stands 
either for the desired value (number 1) or for the measured value (number 2); the missing numeric index indicates 
the signal of control error. Equally, the nested loop controllers, RI, RȦ and RF represent the current, velocity and 
force controller in that order. Regarding the plant’s dynamics, consider the dynamics of any sensor in the control 
structure negligible [25]. This implies the simple gain blocks KI, KȦ and KF for the current, velocity and force sensor 
in Fig. 4. 
To improve the dynamics of the velocity control loop while taking the physical limits of the systems state 
variables into account, the current controller RI has been chosen in the form of PI-controller 
( )
sT
sTsRI
2
1 1+
= (5) 
where the time constant T1 = Te partly compensates the plant’s dynamics. Currently unknown value of the time 
constant T2 reserves one of the necessary degrees of freedom for the velocity controller design. 
4. The inner control loop synthesis 
There is no doubt that in the force control structure with the nested loop controllers, a remarkably faster dynamics 
of the velocity control loop with respect to the dynamics of the load torque feedback represents the fundamental 
condition for the compensation of the output force oscillation. Denoting by Teq the equivalent dominant time 
constant of the velocity control loop and considering the time constant T in (4), the above condition can be written 
as
1, >>= kkTT eq (6) 
where k is a real constant. It should be noted that the application of condition (6) in velocity control loop 
synthesis enables a significant simplification of the design process by neglecting the influence of the slow load 
torque feedback. To meet the expression (6) we are looking for such a synthesis technique, which makes possible 
the tuning of the velocity control loop dynamics by a single parameter, while preserving the control process stability 
and quality. After some study, the well-known and widespread Whitley’s standard form [26] appeared to be 
a suitable method. The coefficients of the Whitley’s standard form represented by the open loop transfer function are 
the functions of the single dynamic parameter – the phase-margin frequency Ȧ0. The method provides a satisfactory 
magnitude of the velocity overshoot and a non-periodical under-damped response. The possible number of the zero 
poles in the standard form offers a good tracking quality, i.e. the minimal static error. 
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Using the above mentioned synthesis method, let us choose the open loop transfer function of the velocity control 
loop in the form 
( ) 2
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= (7) 
with the equivalent normalized settling time 
80 =stω (8) 
and the maximal guaranteed overshoot of velocity 10%. 
Expression (7) corresponds with the PI velocity controller 
( )
sT
sTsR
4
3 1+
=ω (9) 
After some algebra, the application of the standard form (7) to the actual velocity open loop yields the required 
controller time constants in the form of the parameter Ȧ0 function 
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In formulas (10), Tm denotes the electromechanical time constant of the DC servosystem. Implementation of the 
expression (10) ensures the properties of the standard form (7) in velocity control loop. 
Let us substitute the relative frequency Ȧ/Ȧ0 into expressions. Hence, with respect to (7), the corresponding 
frequency transfer function of the velocity closed control loop is given by 
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Now we are ready to analyze the dynamic behavior of the velocity loop in a frequency domain. As can be seen in 
Fig. 5(a), the Bode magnitude plot of the closed control loop (11) shows the properties of the equivalent control loop 
with the transfer function 
( )21
1
+
=
sT
F
eq
eq (12) 
According to the expression (6) and the Bode curve in Fig. 5(a), the dominant time constant of the equivalent 
velocity loop can be expressed as 
0
39841.0
ω
=eqT (13) 
This one is the additional benefit of the Whiteley’s standard form synthesis method. Comparing (4), (6) and (13) 
yields 
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Fig. 5. (a) Log magnitude plot of the velocity control loop; (b) Set of the log magnitude diagrams of the plant in a force control loop 
J
m
i
rk39841.00 =ω (14) 
Equation (14) represents the crucial formula in the presented force control synthesis method. In this formula, the 
relationship between both the velocity control loop dynamics and the dynamics of the oscillating torque feedback is 
expressed. The high value of the parameter k assures the compensation of the force oscillation by means of the 
velocity control. 
5. The outer control loop synthesis 
The force loop in the force control structure (cf. Fig. 4) represents the outer loop with the input signal UF1. In the 
first step, the frequency analysis of the plant in the force control loop has been performed. A set of the Bode 
magnitude curves for the variable parameter k in Fig. 5(b) illustrates the influence of the velocity loop dynamics 
with respect to (6). Note that at the resonant frequency Ȧr = 1/T only the values of k > 10 ensure the compensation 
of the undesired oscillation in the control system. 
In the second step, the structure of the force controller RF has been chosen. As can be seen in Fig. 5(b), the 
magnitude plot of the plant indicates the presence of one zero pole. Hence, for the fixed target control, 
a proportional structure of the controller should be acceptable. The consequence is that in technologies with the 
constant force generation, a simple P-controller in a role of the force controller can be used. Even though the force 
controller gain is determined by the whole system’s stability, during the synthesis process the dynamics of the 
velocity control loop should also be taken into account. In other words, the dynamics of the outer (force) control 
loop should not spoil the overall effect of the fast dynamics of the velocity control loop. 
One of the results of the above analysis in frequency domain is the high value of parameter k which is, according 
to (8) and (14), equivalent to the short settling time ts in a velocity control loop. This one is essential for the 
compensation of the force generator’s oscillation but, on the contrary, it may cause a risky high value of both the 
armature current and the input power voltage of the driving motor. To prevent the possible signal limitation in the 
force control system, a second-order low-pass filter of the force command (desired value) has been designed. In 
Fig. 4 this filter represents the input block of the force control system. The input filter should assure the zero initial 
value of the command’s first time derivative, slow-down the rise of a command and guarantee the overshoot-free 
response. 
To meet these requirements, the filter has been chosen in the form 
( )( )11
1
21 ++
=
sTsT
F
FilFil
Fil (15) 
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Let the time constants T1FIL and T2FIL are the functions of the force command settling time tsF. Denoting Δ the 
allowable tolerance in percent of the filter’s final output value, the possible solution for the filter (15) parameters in 
the time domain may be determined by 
2
,
100
11ln
1
21
Fil
Fil
sF
Fil
TTtT =
¸¸
¹
·
¨¨
©
§ Δ
−−
−= (16) 
For the second order filter (15), the value of the settling time tsF can be considerably lower than the system’s 
dominant (electromechanical) time constant Tm.
6. Simulation results and discussion 
To verify the presented control structure, a numerical Matlab model of the end-effector joint’s servosystem has 
been utilized. Parameters listed in Table 1 stand for a system with the direct current motor IFMA 350 (Pn = 350W, 
Un = 60V, In = 7,5A, Imax = 29A, nn = 3000min-1) and the harmonic drive HP 100-207-I-2 (gear ratio i = 207). 
Table 1. Force control system parameters 
Parameter Nomenclature Value
Length of the robot last link r 0,5 m 
Rigidity of the last link m 1000 kgs-2
Total moment of inertia referred to the motor shaft J 13,78.10-5 kgm2
Total resistance of the DC motor armature circuit R 2,5 ȍ
Torque constant of the DC motor Cu 0,016 Vsrad-1
Electromagnetic time constant Te 2,6.10-3 s 
Electromechanical time constant Tm 1,3457 s 
Amplifier gain (DC/DC power converter) KA 6
Gain of the current sensor KI 0,5 VA-1
Gain of the velocity sensor KȦ 30.10-3 Vsrad-1
Gain of the force sensor KF 1 VN-1
Time constant of the oscillating torque feedback T 0,1537 s 
Resonant frequency of the torque feedback Ȧr = 1/T 6,5062 s-1
Ratio of the feedback’s and the equivalent dynamics k 100
Phase-margin frequency Ȧ0 260 s-1
Equivalent time constant of the velocity control loop Teq 0,0015323 s 
Time constant of the current PI-controller T1 2,6.10-3 s 
Time constant of the current PI-controller T2 9,0724.10-4 s 
Time constant of the velocity PI-controller T3 0,0315 s 
Time constant of the velocity PI-controller T4 5,2529.10-4 s 
Gain of the force P-controller RF 1,2 
Force settling time tsF 0,2 s 
Allowable tolerance ǻ 2 % 
Time constant of the input filter T1Fil 0,04 s 
Time constant of the input filter T2Fil 0,02 s 
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Fig. 6. (a) The force control system’s input UF1 and output UF2; (b) Power converter output U in the time domain 
In Fig. 6(a), both the filtered command UF1 and the force control system’s response UF2 are depicted in the time 
domain. As can be seen, despite the fast dynamics of the force command (compare the values of the settling time tsF,
the system’s dominant time constant Tm and the time constant T of the oscillating torque feedback in Table 1 – the 
first one is significantly shorter than the second one and comparable with the third one), the quality of the force 
control (not only the accuracy of both the tracking and the steady state) is acceptable. The response at the force 
sensor output proves the elimination of the oscillation in force generator (due to fast dynamics of the velocity 
control loop with k = 100) and shows only a slight delay with respect to the command (the input-output delay 
approaches 0,01s, i.e. 5% of the settling time tsF value). Fig. 6(a) shows also a very important feature in force control 
– the overshoot-free response. 
As for the system’s inner state variables, the condition of no limit exceeding has also been satisfied. In Fig. 6(b), 
Fig. 7(a) and Fig. 7(b), the signal versus time plots of the voltage amplifier output U, the current sensor output UI2
and the velocity sensor output UȦ2 are depicted in that order. For the whole period of control process, the value of 
the power voltage U has been kept under the value of the DC motor rated voltage supply Un. The same statement is 
valid for the motor shaft angular velocity Ȧ (UȦ2 < 10V, i.e. Ȧ < 333rads-1 which is equivalent to nn) and for the 
motor armature current I (UI2 < 10V, i.e. I < 20A < Imax; furthermore the interval of the current peak value is shorter 
than 0,05s). 
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570 J. Kardosˇ / Procedia Engineering 2 (2010) 563–572
J. Kardoš/ Procedia Engineering 00 (2010) 000–000 9
Input/output versus time plot
0
1
2
3
4
5
6
7
8
9
10
A
m
p
lit
u
d
e
 [
V
]
0 5 10 15 20 25 30 35
Time [s]
UF1
UF2
Fig. 8. Unsatisfactory compensation of the oscillating torque feedback in force control 
An example of a bad compensation of the oscillating torque feedback influence (k = 1) is illustrated in Fig. 8. 
This is the case, when the velocity control loop is 100 times slower than the former one, i.e. its dynamics is 
comparable with the one of the oscillating feedback. To keep the stability of the system’s steady state in the force 
control loop, the gain of the force P-controller should be more than 10 times lower (RF = 0,106). These new 
conditions cause an enormous increasing of the controlled variable settling time (approximately 100 times) and the 
transient process still remains oscillating (cf. UF2 graphs in Fig. 6(a) and Fig. 8). 
7. Conclusions 
The presence of an inherent oscillating torque feedback, and its undesirable influence on the quality of the 
production in robotized technologies with the given intensity of the robot-workpiece interaction, represents the 
significant feature in the force control synthesis. The analysis of the contact force generator in the frequency domain 
offers an effective solution of this problem. Using the methods of linear deterministic control theory, the well-
known structure of nested loop controllers has been utilized. To cope with the system oscillations and to satisfy the 
limitations imposed on the system’s inner variables, a fast velocity control loop and a command filter have been 
designed. In the control structure, the outer force loop with the proportional controller guarantees the quality of the 
contact force. The advantage of the proposed synthesis method is the simplicity of both the design process and the 
implementation of the control algorithm in engineering practice. Matlab simulation verifies a good dynamics of the 
proposed control structure and the elimination of the contact force oscillation. 
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